Anthropogenic increases in global temperature and agricultural runoff are increasing the prevalence of aquatic hypoxia throughout the world. We investigated the potential for a relatively rapid evolution of hypoxia tolerance using two isolated (for less than 11 000 years) populations of threespine stickleback: one from a lake that experiences long-term hypoxia (Alta Lake, British Columbia) and one from a lake that does not (Trout Lake, British Columbia). Loss-of-equilibrium (LOE) experiments revealed that the Alta Lake stickleback were significantly more tolerant of hypoxia than the Trout Lake stickleback, and calorimetry experiments revealed that the enhanced tolerance of Alta Lake stickleback may be associated with their ability to depress metabolic rate (as indicated by metabolic heat production) by 33% in hypoxia. The two populations showed little variation in their capacities for O 2 extraction and anaerobic metabolism. These results reveal that intraspecific variation in hypoxia tolerance can develop over relatively short geological timescales, as can metabolic rate depression, a complex biochemical response that may be favoured in long-term hypoxic environments.
Introduction
The world's aquatic environments are becoming increasingly hypoxic as a result of elevated water temperatures and increased agricultural runoff [1] . Because oxygen is essential for organisms to generate sufficient ATP to meet their metabolic demands, environmental hypoxia threatens the animal's ability to maintain energy balance, homeostasis and, consequently, life. Despite this, many fishes inhabit environments that naturally become hypoxic and have accordingly evolved strategies that enhance hypoxia tolerance [2] , and we can look to these fishes and their strategies to better understand what might facilitate adaptation to an increasingly hypoxic world.
To begin to explore how hypoxia has shaped the evolution of adaptive traits, we collected threespine stickleback (Gasterosteus aculeatus) from populations that have been isolated from one another for approximately 11 000 years in two British Columbia lakes: Alta Lake, which experiences long-term hypoxia due to overwinter freezing [3] , and Trout Lake, which does not. We predicted Alta Lake stickleback to be more hypoxia-tolerant than Trout Lake stickleback, and that this difference would result from an increased reliance on metabolic rate depression (MRD) in the Alta Lake fish. We predicted MRD as the causal mechanism because of its effectiveness at maintaining cellular energy balance over long-duration hypoxic bouts [4] and its prevalence of use among ectothermic vertebrate species that inhabit similar winter environments [5] [6] [7] . We used time-to-loss of equilibrium (LOE) experiments to assess hypoxia tolerance, calorimetry to measure total metabolic rate as metabolic heat at different P w O 2 , respirometry to measure aerobic contributions to metabolic rate at different P w O 2 , and metabolite analyses (glycogen and lactate) to measure anaerobic contributions to metabolic rate following hypoxia exposure. Fish were withheld food for 24 h and then transferred to a customdesigned calorespirometer [5] . Following an 18 h habituation period, normoxic routine metabolic heat was measured as in [5] , and the P w O 2 in the calorespirometer chamber was then reduced to 2.8 kPa (chosen based on preliminary O 2 LC 50 experiments that determined the P w O 2 at which 50% of fish lost dorsal-ventral equilibrium following 8 h exposure; electronic supplementary material, figure S1 ) over 1 h using compressed N 2 , and measurements of metabolic heat were made (N ¼ 3-5). Following the 4 h hypoxia exposure, normoxia was re-established for a period of 2 h after which closed-chamber respirometry was performed to measure O 2 uptake rate (MO 2 ) and determine the fish's critical O 2 tension (P crit , the P w O 2 below which the fish is unable to extract sufficient environmental O 2 to support a stable routine MO 2 ) according to [5] (N ¼ 4-5).
Material and methods (a) Lakes
A parallel set of experiments in which fish were held in opaque 10 l tanks was performed to measure whole body concentrations of glycogen (glycolytic fuel) and lactate (glycolytic end-product). Each tank held four fish and following an 18 h normoxic habituation period, P w O 2 was adjusted in two tanks to 2.8 kPa (N ¼ 8) over 1 h and the other two remained normoxic to serve as controls (N ¼ 8). This was done for both populations. At 4 h, we introduced a lethal dose of anaesthetic (buffered MS-222, 0.3 g l
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) and once the fish were unresponsive (approx. 4 min), we removed, weighed and froze them in liquid N 2 for later metabolite analyses.
We measured hypoxia tolerance by determining the time-to-LOE at a P w O 2 of 1.3 kPa. Eight fish from each population were placed in each of two tanks (N ¼ 16), and following an 18 h normoxic habituation period, we reduced P w O 2 to 1.3 kPa over 1 h. We defined time-to-LOE as the time it took after the tank had reached 1.3 kPa for the fish to lose dorsal -ventral equilibrium and become unresponsive to tail prods using a blunt dissection probe. When this point was reached, we removed, weighed and transferred the fish to a well-aerated recovery tank.
(d) Metabolite assays
We measured changes in glycogen and lactate concentrations at the whole body level to be consistent with our whole body measurements of metabolic heat and MO 2 . We prepared whole rsbl.royalsocietypublishing.org Biol. Lett. 13: 20170392 bodies for metabolite extraction according to [5] and measured glycogen and lactate according to [8] .
(e) Statistical analyses
Statistical analyses were performed using SigmaStat 11.0. For the analysis of metabolic rate, we first assessed the relationships between body mass and both whole-animal MO 2 and metabolic heat, neither case showing significant correlation. MO 2 data were analysed using two-way analysis of variance (ANOVA). Metabolic heat data did not exhibit equal variance (even when log-transformed), so we conducted separate analyses on the two populations using one-way repeated-measures ANOVAs with Tukey post hoc tests. For replicate tank exposures (metabolite and LOE experiments), we first tested for differences between tanks (t-test), and in all cases, there were no differences so data were combined. Two-way ANOVA (metabolites) or two-tailed t-tests (time to LOE and P crit ) were performed as appropriate. Differences were considered significant at p , 0.05. All values are presented as means + s.e.m.
Results and discussion
We predicted that stickleback native to Alta Lake (long-term hypoxia) would be more hypoxia-tolerant than stickleback native to Trout Lake (no long-term hypoxia), a difference resulting from a reliance on MRD in the Alta Lake fish. The results generally agree with these predictions. Alta Lake stickleback lasted approximately twice as long at 1.3 kPa P w O 2 than Trout Lake stickleback (t-test, p , 0.001, figure 1a) , and calorimetry experiments suggest that this difference in hypoxia tolerance is associated with the Alta Lake stickleback's use of MRD in hypoxia (one-way ANOVA, p , 0.001, figure 1b) , something the Trout Lake stickleback did not do (one-way ANOVA, p ¼ 0.9634, figure 1b) . Two-way ANOVA of the respirometry results revealed that MO 2 declined in both populations with declining P w O 2 , but that there were differences between populations resulting from the Trout Lake population's 55% higher average routine MO 2 (assessed as the MO 2 during the oxy-regulation stage above 15 kPa P w O 2 ; population p , 0.001, P w O 2 p , 0.001, interaction p ¼ 0.331; figure 2a ). Despite this, the two populations did not differ in P crit (t-test, p ¼ 0.245, figure 2b ), though these results should be viewed cautiously due to the low number of fish available from Trout Lake. Finally, the metabolite analyses revealed that Alta Lake fish had higher overall glycogen stores, but 4 h exposure to 2.8 kPa P w O 2 had no effect on either population's use of anaerobic glycolysis as indicated by glycogen depletion and lactate accumulation (table 1) .
(a) Metabolic rate depression and hypoxia tolerance By 4 h exposure to 2.8 kPa P w O 2 , the Alta Lake stickleback had depressed their metabolic rates (as indicated by metabolic heat) by an average of 33% relative to their normoxic routine values. At this same time point and P w O 2 , the average metabolic rate of the Trout Lake stickleback was approximately twice that of the Alta Lake fish (although direct statistical comparisons between populations cannot be made due to unequal variance). This agrees with the twofold longer tolerance time of the Alta Lake fish in the LOE experiment. An MRD of 33% would improve hypoxic survival by reducing energetic demand, and is a deeper MRD than other hypoxia-native fish species such as zebrafish (Danio rerio) are capable of [9] . Despite this, our results may underestimate the true capacity of the Alta Lake fish in the wild. Because our analyses were carried out at 178C (to maximize calorimetric signal : noise) instead of the near-freezing water temperature that would occur in Alta Lake in the winter (electronic supplementary material, table S1), the 33% MRD measured in our study likely underestimates the total metabolic savings that are actually accrued by the Alta Lake fish under long-term hypoxic conditions in the wild. In addition, acclimation effects stemming from three weeks' normoxic laboratory acclimation, and field collection when persistent hypoxia was not present in Alta Lake, may further underestimate the Alta Lake population's winter hypoxia tolerance. To our knowledge, these results represent the first time that MRD use has been shown to vary between geographically isolated populations of the same species. While MRD is a complex biochemical phenotype requiring a reorganization of cellular processes, the fact that Alta Lake and Trout Lake populations have been isolated for a maximum of 11 000 years [10] suggests it is a phenotype that can evolve rapidly. This is consistent with the rapidity that marine stickleback naturally evolve their freshwater-distinctive, genetically based morphological features de novo (less than 50 years; [11] ). However, an intriguing alternative hypothesis is that MRD may be a developmentally plastic neonatal characteristic similar to the hypoxic ventilatory response of mammals [12] , and supporting this are findings that zebrafish employ hypoxia-induced MRD as embryos, but not as adults [9, 13] .
Conclusion
Our results demonstrate significant variation in the hypoxia tolerances of two isolated populations of threespine stickleback. The tolerant population is native to an environment that experiences long-term hypoxia (Alta Lake), suggesting this may underlie the enhanced tolerance and associated mechanisms of a lower O 2 demand and the use of hypoxia-induced MRD. Furthermore, the Alta Lake population's use of MRD is consistent with MRD's use among ectothermic vertebrates that inhabit similar winter environments [5] [6] [7] . This suggests MRD is a strategy employed in particularly severe and/or long-lasting hypoxic environments, and one that may even evolve over relatively short geological timescales. Assessing the generality of these relationships, their adaptive value and their connection to other biotic and abiotic environmental factors that may differ between lakes will require investigating additional independent populations.
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